Background and Aims: During active inflammation, intraluminal intestinal pH is decreased in patients with inflammatory bowel disease [IBD]. Acidic pH may play a role in IBD pathophysiology. Recently, proton-sensing G-protein coupled receptors were identified, including GPR4, OGR1 [GPR68], and TDAG8 [GPR65]. We investigated whether GPR4 is involved in intestinal inflammation. Methods: The role of GPR4 was assessed in murine colitis models by chronic dextran sulphate sodium [DSS] administration and by cross-breeding into an IL-10 deficient background for development of spontaneous colitis. Colitis severity was assessed by body weight, colonoscopy, colon length, histological score, cytokine mRNA expression, and myeloperoxidase [MPO] activity. In the spontaneous Il-10 -/-colitis model, the incidence of rectal prolapse and characteristics of lamina propria leukocytes [LPLs] were analysed.
Introduction
A local acidification in the gut lumen as well as in the mucosa has been observed during intestinal inflammation and implicated in the pathogenesis and progression of inflammatory bowel disease [IBD] . Fallingborg et al. reported that intraluminal colonic pH values in the proximal parts of the colon were significnatly lower in patients with active ulcerative colitis [UC] than in normal subjects [lowest values 2.3, 2.9, and 3.4]. 1 Nugent and coworkers also reported a decrease of colonic luminal pH values to less than 5.5 in two out of six patients with active UC. 2 Also in patients with active Crohn's disease [CD] , three out of four CD patients investigated had decreased pH values in the proximal colon [pH 5.3] and distal colon [pH 5.3] as compared with normal controls [pH 6.8] . 2 Although there is still some controversy about the range of the intestinal luminal pH in IBD patients, 3, 4 it is widely accepted that inflammation is accompanied by tissue acidification due to hypoxia and excessive production and insufficient elimination of glycolytic metabolites. This indicates that luminal and tissue pH is decreased during active IBD. The [patho]physiological impact of these observations, however, has remained incompletely understood to date.
G protein-coupled receptors [GPCR] play an important role in regulating intestinal functions and have been implicated in the development and course of IBD. 5, 6 Only recently, we found that the GPCR OGR1 [ovarian cancer G-protein-coupled receptor 1, GPR68] plays a role in IBD and that genetic deletion of OGR1 partially prevents the development of colitis in the IL-10 deficient IBD mouse model. 7 The effects of OGR1 on intestinal function and inflammation may involve regulation of the intestinal barrier function 8 . OGR1 belongs to the same family of proton-activated G protein-coupled receptors as GPR4. [9] [10] [11] A third family member is the T-cell death-associated gene 8 [TDAG8, GPR65]. [9] [10] [11] Accumulating evidence indicates that members of this family of GPCRs, namely GPR4, OGR1, and TDAG8, are activated by protons upon a decrease of pH. At pH 7.6 the receptors are almost silent, whereas at pH 6.8 they are fully activated and thus may play a crucial role in pH homeostasis. 9, 11 GPR4 activation is transduced via the Ga s pathway, followed by intracellular cAMP accumulation. 9, 11 Half-maximal activation of cAMP formation by GPR4 expressed in HEK293 cells occurred at pH 7.55. 11 Limited studies exist on the relationship between GPR4 and tumour development or regulation of metabolic acidosis in the kidney. [12] [13] [14] [15] [16] [17] [18] The function of all three proton-activated receptors has been linked to inflammatory processes in various tissues 19 but the role of GPR4 in IBD is currently unknown. Gpr4 mRNA was found to be widely expressed in a variety of tissues including small intestine, colon, and spleen, and localised to─among other cell types─endothelial cells throughout the body. In endothelial cells, activation of GPR4 by extracellular acidification stimulates proinflammatory pathways and molecules involved in the adhesion of monocytes including CXCL2, CCL20, VCAM1, and SELE 20, 21, 37 . Since GPR4 is expressed along the small and large intestine, we hypothesised that this proton-activated receptor might be involved in sensing local pH changes and may participate in the pathophysiology of IBD.
Therefore, we examined the role of GPR4 in two murine models of colitis in vivo, the dextran sulphate sodium [DSS]-induced chronic colitis model and the spontaneous colitis model in IL-10 deficient animals. Collectively, these data demonstrate that absence of GPR4 is associated with ameliorated colitis, indicating that pH sensing plays an important role in the pathophysiology of IBD.
Methods

Human colonic biopsies
Human colon biopsies were collected from patients during colonoscopy performed at the Division of Gastroenterology and Hepatology, University Hospital Zurich [Switzerland] . CD patients [eight with severe, seven with moderate inflammation and 14 in remission] and UC patients [five with severe and three with moderate inflammation] underwent colonoscopy for assessment of inflammation. Biopsies from patients with colitis were taken from inflamed areas. The control biopsies [17 controls] were from subjects undergoing colonoscopy for screening for colorectal cancer. The protocol for the study was approved by the local Cantonal Ethics Committee Zurich, Switzerland. -/-mice with four cycles of 3 % DSS in drinking water for 7 days followed by 10 days of regular drinking water. After the last cycle, all animals were allowed to recover for 5 weeks and subsequently sacrificed for sample collection. Mice on water served as controls throughout the experiments.
Induction of chronic colitis with DSS
In the spontaneous IL-10 deficient colitis model, the onset and development of inflammatory markers, colitis, and rectal prolapses were monitored over 200 days and data were analysed using Kaplan-Meier analysis [log rank Mantel-Cox test]. For the evaluation by histology, flow cytometry, and for the determination of cytokine [mRNA] expression profiles, some mice were sacrificed by cervical dislocation at 80 days of age. For all experiments, wild-type littermates were used.
Histological analysis was performed as described previously.
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The sections were stained with haematoxylin and eosin [H&E] and scored by two independent researchers in a blinded fashion. following the manufacturer's protocol. Briefly, slides were rehydrated in PBS and were incubated with pretreatment solutions at recommended temperatures. Four signal amplification steps were performed at 40°C and two additional steps at room temperature with the appropriate solutions and probes designed and provided by the supplier [Advanced Cell Diagnostics, Hayward, CA, USA]. The fifth amplification step was extended from 30 min to 1 h in order to enhance the chromogenic signal. Detection of chromogenic signal was performed for 10 min using the specific reagents for the Red or Brown kit. RNA in situ hybridisation with the RNAscope 2.5 HD assay Red was followed by immunohistochemistry for cluster of differentiation 31 
Preparation of lamina propria lymphocytes[]
Flow cytometric analysis [FACS]
Single cell suspensions from lamina propria [LP] of mice were prepared as described above and stained for analysis by flow cytometry using PBS containing 4% fetal calf serum and 2.5 mM EDTA. At least 0.5 × 10 6 LP cells/well were stained at 4°C in the dark with the following fluorochrome-labelled monoclonal antibodies [all from BD Biosciences]: α-CD3, α-CD4, α-CD8, α-CD25, α-CD45. 2 Figure 1A ]. These results suggest that GPR4 may play a role during inflammation.
TDAG8 and OGR1 do not depend on GPR4 during DSS colitis in-mice
In wild-type mice, DSS-induced chronic colitis caused no upregulation of Gpr4 mRNA expression in colonic tissue. Similar results for the two other members of the pH receptor family, TDAG8 and OGR1, were found upon administration of DSS in both Gpr4 +/+ and Gpr4 -/-mice [ Figure 1B ], which indicated that TDAG8 and OGR1 were not upregulated on the mRNA level due to the lack of GPR4 in vivo.
Lack of GPR4 reduces inflammation in the chronic DSS model, with ameliorated body weight recovery
Since GPR4 is expressed in human inflamed colonic tissue and proton-activated receptors have been linked to inflammatory diseases, we tested the impact of genetic deletion of GPR4 on the severity of chronic colitis in the DSS model. 
62: 2.7% vs Gpr4
+/+ + DSS mice: -1.5%] and from Day 62 to Day 83 showed an enhanced ability to regain weight [p < 0.05, Figure 2A ]. All three independent experiments showed similar results: Gpr4 -/-mice recovered with higher body weights, indicating that GPR4 deficiency ameliorated inflammation-associated body weight changes (p < 0.05 for BALB [experiments 1 and 2] and p < 0.01 ** for C57BL/6).
Colonic specimens from all groups were analysed for severity of inflammation by histological scoring by two blinded experts as described previously. 8 The histological score was significantly lower in Gpr4 and Gpr4 -/-mice were observed [ Figure 3 ; and Supplementary Figure 3E ]. Only IFN-γ mRNA expression in colon samples was higher in Gpr4 -/-mice treated with DSS compared with wild-type mice receiving DSS [ Figure 3 ].
Spontaneous colitis in the IL-10 KO mouse is attenuated by GPR4 deficiency
The impact of GPR4 in colitis development was further assessed in the spontaneous colitis model in IL10-deficient animals. All mice were maintained in the same animal housing room and all experiments were carried out during the same time period 
Reduction of mucosal CD4+ T helper cell infiltrate upon Gpr4 deficiency
Spontaneous colitis in IL-10 deficient mice is mediated by Th1 and Th17 cell infiltration. 35, 36 In order to identify cellular players underlying the reduced colitis in Gpr4 -/-mice, we subsequently analysed cellular infiltrates in the lamina propria by flow cytometry. As shown in Figure 6 and Supplementary Figure 6 [available as Supplementary data at ECCO-JCC online], the percentage of total CD4+ cells and the CD4+ to CD8+ ratios in the lamina propria were significantly higher in Gpr4 +/+ /Il-10 -/-as compared with wild-type controls [p < 0.01, p < 0.001, and p < 0.001].
Gpr4
+/+ /Il-10 -/-mice had significantly higher counts of CD4+ cells, but not of CD8+ cells in the lamina propria. The percentage of CD4+ in CD3+ was significantly lower in Gpr4 -/-/Il10 -/-[p < 0.05, Figure 6 ] whereas no differences of regulatory T cells, natural killer cells, total CD45+ cells, monocytes/macrophages or neutrophils in LPLs composition were observed among the three groups [Supplementary 
GPR4 modulates expression of factors involved in inflammation
We further characterised mRNA expression of cytokines and other factors involved in cell adhesion and shown to be regulated by GPR4 37 in colon tissue and mesenteric lymph nodes, using agematched female [ Figure 7 ; and Supplementary Figure 8 
Discussion
This is the first detailed study on the [patho-]physiological function of the proton-activated G-protein coupled receptor GPR4 in the intestine and its impact on chronic intestinal inflammation. We demonstrate that GPR4 deletion protects against murine experimental colitis, in both DSS-induced chronic colitis and the spontaneous colitis observed in IL-10 deficient mice. We show that GPR4 mRNA is expressed in the muscularis and lamina propria of colon and is strongly upregulated in the colons of IBD patients. The localisation based on mRNA in situ hybridisation is consistent with reports suggesting a predominant expression of GPR4 in endothelial cells. 38 However, also smooth muscle cells in the muscularis and some macrophages showed expression of Gpr4. In the chronic DSS colitis model, 35, 36, 39, 40 Gpr4 -/-mice lost less body weight and had lower histology scores compared with wild-type littermates, indicating less severe inflammation. In the spontaneous IL-10 deficient colitis model, [23] [24] [25] lack of GPR4 significantly delayed onset and progression of rectal prolapses. As IL-10 is a well-known anti-inflammatory cytokine and suppressive for Th1 cells and macrophages, 41 IL-10 knockout mice are thought to have a Th1-cell driven disease. 35, 36 Consistent with reduced Th1 cell infiltrates in Gpr4 -/-/Il-10 -/-mice, a significantly lower IFN-γ expression was found. Also, iNOS, MCP-1, CXCL1, and CXCL2 were reduced in the absence of GPR4. Further, flow cytometry analysis demonstrated that GPR4 knockout mice exhibit reduced infiltration of CD4+ T cells into the colon. The anti-inflammatory effect of GPR4 deficiency seemed not to be mediated by a regulatory T cell-dependent mechanism, as no significant differences in regulatory T cell numbers were observed between groups. However, we cannot exclude a functional change of regulatory T cells in GPR4-deficient animals.
Therefore, activation of GPR4 is likely to exacerbate intestinal inflammation. Based on the expression of GPR4 in endothelial cells, the fact that GPR4 in a pH-dependent fashion triggers expression of pathways involved in cell adhesion and inflammation in endothelial cells, and that endothelial cells can recruit and regulate inflammatory cells, we hypothesise that GPR4 may play a role in modulating inflammation in IBD. The downstream signals may involve, among others, the IFN-γ pathway. IFN-γ aggravates inflammation by increasing iNOS expression, activating macrophages and natural killer cells, favouring Th1 cell immune responses, and inducing apoptosis. 42, 43 Also, Gpr4-positive macrophages may contribute to inflammation. The role of Gpr4 in smooth muscle cells, however, remains elusive at this point. The excessive production of glycolytic metabolites in inflamed tissue causes the accumulation of protons, which may further activate GPR4, contributing to a positive feedback loop which may lead to a vicious cycle. Thus blockade of GPR4 may be a promising new target for IBD treatment.
In vitro stimulation of GPR4 caused upregulation of many transcripts involved in inflammatory processes. 37 Recent data published on Gpr4 -/-mice support the deleterious role of GPR4 activation during inflammation. Reduced immune responses and attenuated airway hyper-responsiveness were observed in GPR4-deficient mice 
